Liquid fuels sourced from fossil sources are the dominant energy form for mobile transport 12 today. The consumption of fossil fuels is still increasing, resulting in a continued search for 13 more sustainable methods to renew our supply of liquid fuel. Photosynthetic microorganisms 14 naturally accumulate hydrocarbons that could serve as a replacement for fossil fuel, however 15 productivities remain low. We report successful introduction of five synthetic metabolic 16 pathways in two green cell factories, prokaryotic cyanobacteria and eukaryotic algae. 17
on acyl-ACP as the precusor. Although naturally accumulating alkane amounts have been 67 enhanced through engineering and reported in high titres from the lipid-accumulating 68 cyanobacteria, Nostoc punctiforme (up to 12.9% (g/g) cdw, (Peramuna et al., 2015) ), similar 69 efforts in the non-lipid accumulating model cyanobacterium Synechocystis sp. PCC 6803 70 (hereafter Synechocystis 6803) have at best yielded only 1.1% (g/g) cdw (Hu et al., 2013 ; 71 Wang et al., 2013) . In eukaryotic algae, the native alkene/alkane pathawy was only recently 72 discovered and there has been no work so far to engineer the specific pathways that 73 synthesize such hydrocarbons. Some species of algae are also known to naturally accumulate 74 hydrocarbons that could serve as a fuel following chemical conversion. For example, certain 75 races of the green alga Botrococcus braunii naturally secrete long-chain terpene hydrocarbons 76 as a significant portion of their biomass (Eroglu and Melis, 2010; Metzger and Largeau, 2005) . 77 However, their use as a fuel source is made impossible by the incredibly slow growth rates of 78 this alga (Cook et al., 2017) . Other oleaginous algal species can accumulate a significant 79 portion of their biomass as triacylglycerol compounds, generally under nitrogen stress. 80
Indeed, this phenomenon drove the push for the use of algae as third generation biofuel 81 feedstock in the first place. However, process design and downstream processing cost 82 considerations of large-scale algal cultivation have hindered the common adoption of algal 83 oils for transportation fuels (Quinn and Davis, 2015) . Triacylglycerol stored by eukaryotic 84 algae can also be turned into transportation fuels via transesterification to liberate the 85 alkanes and alkenes from the glycerol backbone. An attractive alternative to the above 86 concepts is instead to directly secrete ready-to-use hydrocarbon products from algal cells as 87 this would overcome issues with biomass harvesting and chemical processing and thereby 88 greatly reduce process costs (Delrue et al., 2013) . 89
In order to achieve such a one-step conversion of CO2 into ready infrastructure-90 compatible hydrocarbons with photosynthetic hosts, however, genetic reprogramming 91 becomes essential for introduction of synthetic metabolic pathways and optimization of the In this study, we describe a first and systematic study to implement synthetic 102 metabolic pathways for the biosynthesis of hydrocarbon fuel in both prokaryotic and 103 eukaryotic photosynthetic microorganisms using the model strains Synechocystis 6803 and 104
Chlamydomonas reinhardtii. Several synthetic pathways towards saturated and unsaturated 105 hydrocarbons were functionally demonstrated in Synechocystis 6803, increasing the 106 hydrocarbon content up to 19-fold, and engineered Chlamydomonas accumulated 8-fold more 107 alkenes than the wild-type. Interestingly, the "best" system was achieved by transferring a 108 reconstructed pathway from eukaryotic algae into the prokaryotic cyanobacterium. 109 7 culture were mixed with four to seven micrograms of plasmid and incubated at 30°C with 144 continuous illumination at 60 μmol photons m −2 s −1 and 1% (v/v) CO2 for 12-16 h prior to 145 plating on BG11-Co agar containing 10% strength of antibiotic. To promote segregation, 146 individual colonies were restreaked on BG11-Co agar with higher antibiotic concentration. To 147 check the segregation, the biomass was resuspended in nuclease free water and exposed to 148 two freeze-thaw cycles (95 o C, -80 o C). Following centrifugation, 3 μL was used as a template 149 for a diagnostic polymerase chain reaction (PCR). Primers used for each PCR are listed in 150 Supplementary Table 1C . Only fully segregated mutants were used in further experiments. All 151 cyanobacteria strains used in the study are listed in Supplementary Table 2 . 152
For transformation by triparental conjugation, one hundred microliters of the cargo 153 strain (E. coli HB101 (already carrying the pRL623 plasmid)), conjugate strain (ED8654 (Elhai 154 and Wolk, 1988)), and Synechocystis sp. PCC 6803 (OD730 ~1) were mixed and incubated for 2 155 h (30 o C, 60 μmol photons m −2 s −1 ). Prior to mixing, all the E. coli and cyanobacteria strains 156 were washed with fresh LB and BG11-Co medium, respectively, to remove the antibiotics. For fatty alcohol, alkane and alkene analysis, extraction was done as described 214 previously (Zhou et al., 2016) with modification. Briefly, 2 mL of liquid culture were spiked 215 with 50 µg 1-nonanol, 100 µg octadecane, and 100 µg 1-pentadecanol and mixed with 4 mL of 216 chloroform:methanol (2:1 v/v) solution. The mixture was vortexed vigorously and 217 centrifuged at 3500 x g for 3 min. The lower organic phase was then transferred into a new 218 glass tube and extraction was repeated one more time. The lower organic phase was 219 combined and dried under a stream of nitrogen gas. For fatty alcohol derivatisation, the dried 220 extract was resuspended in 100 µL chloroform, mixed with 100 µL of N, O-221 bistrifluoroacetamide (BSTFA) (TCI Chemicals) and transferred to an insert in a GC vial that 222 was incubated at 60 o C for 1 h prior to GC analysis. Note that no derivatisation was needed for 223 the analysis of hydrocarbons. 224
Samples (1 µL) were analysed using an Agilent Technologies (Santa Clara, CA, USA) 225 7890B Series Gas Chromatograph (GC) equipped with an HP-5MS column (pulsed split ratio 226 10:1 and split flow 10 ml/min), a 5988B Mass Spectrophotometer (MS) and a 7693 227
Autosampler. For the acids the GC oven program followed an initial hold at 40 o C for 3 min, a 228 ramp at 10 o C.min -1 to 150 o C, a second ramp at 3 o C.min -1 to 270 o C, a third ramp at 30 o C.min -229 1 to 300 o C, and a final hold for 5 min. For alcohols and alkenes, there was an initial hold at 40 230 o C for 0.5 min, a ramp at 10 o C.min -1 to 300 o C, and a final hold for 4 min. For alkanes, the oven 231 was initially held at 70 o C for 0.5 min, a ramp at 30 o C.min -1 to 250 o C, a second ramp at 40 232 o C.min -1 to 300 o C, and a final hold for 2 min. The acids, alkanes and alcohols were quantified 233 by comparing the peak areas with that of the internal standards: pentadecanoate (for all 234 acids), octadecane (for all alkanes), 1-nonanol (for C8 to C12 alcohols) and 1-pentadecanol 235 (for C14 alcohols and above). The quantity of the main products (C15 and C17 alkanes, C15 236 alkene, and C12, C14, C16, and C18 alcohols and acids) were also corrected with their 237 respective mass spectrometer response factors obtained using dilution series of commercial 238 standards. 239
Gas chromatography mass spectroscopy (GC-MS) aimed at identification of 240 hydrocarbon products from C. reinhardtii was conducted with solvent extracted samples 241 following previously described protocols and internal standards (Lauersen et al., 2016) . 242
RESULTS AND DISCUSSION 246 247
Several synthetic pathway designs were considered, all commencing with the liberation of 248 "free" fatty acids from the native fatty acid biosynthesis pathway ( Fig. 1) , the presumed native 249 precursor for many of the decarboxylating enzymes evaluated in this study. 250 251
Over-production of free fatty acids as precursor for hydrocarbon biosynthesis -252

Expression of Escherichia thioesterase deregulates lipid membrane biosynthesis in 253
Chlamydomonas 254
255
In order to liberate FFAs in cyanobacteria we over-expressed the E. coli C16-C18 specific 256 thioesterase TesA (Cho and Cronan, 1995) promoter PpsbA2S, resulted in the excretion of of C14:0 (3.5 mg/g CDW), C16:0 (23.2 mg/g 270 CDW) and C18:0 (5.7 mg/g CDW) fatty acids with a chain-length distribution that is in 271 agreement with previously reported findings (Liu2011) ( Fig. 2A; Supplementary Fig. 3) . such as C14:0 ( Fig. 2D; Supplementary Fig. 4 ). Thus, 'TesA_YFP clearly had an impact on lipid 284 metabolism in the eukaryotic algal host, but, the capture of liberated FFA by acyl-ACP or -CoA 285 synthases is likely too effective, thereby limiting the application of the same engineering 286 principles carried out for cyanobacteria. An annotated gene product in Chlamydomonas 287
Cre06.g299800 (Phytozome v5.5) has some sequence similarity to Synechocystis aas and 288 therefore represents an interesting target for future strategies to block native re-uptake of 289 FFA in the green algal cell. 290
Having achieved strains with enhanced accumulation of FFA in Synechocystis, or at 291 least a perturbation to the lipid biosynthetic system in Chlamydomonas, we proceeded to 292 investigate enzymes that further convert FFAs into hydrocarbon end-products. 293 294
Effective conversion of free fatty acids into alkenes using UndB 295
Three different enzymes that catalyze the conversion of fatty acids into alkenes have been 296 (Fig. 3A) . After 302 10 days of cultivation, both the free fatty acids and alkanes were extracted and analyzed as 303 described in the Materials and Methods section. The accumulation of free fatty acids was 304 markedly reduced in the Daas-'TesA-1010-UndB strain (Fig. 3B, 3C) . In its place, both 1-305 pentadecene and 1-heptadecene accumulated with a molar yield suggesting approximately 306 55% conversion of 'TesA-liberated FFAs (compare Fig. 3C with Fig. 3D ). More than >84% of 307 the FFAs disappeared relative to the Daas-'TesA strain suggesting that UndB was catalytically 308 efficient in vivo and that the electrons required in the UndB reaction were fortunately 309 supplied by an unknown source. The Daas-'TesA-1010-UndB strain displayed a lower biomass 310 accumulation than the controls (Daas-empty and Daas-'TesA strains) ( Supplementary Fig. 1) , 311 presumably due to product toxicity imparted by the alkenes. A direct comparison with the 312 conversion efficiency in E. coli is not possible since the FFA conversion efficiency was not 313 reported in the original work (Rui et al., 2015) . Despite the disappearance of C14:0 fatty acids 314 in the Daas-'TesA-1010-UndB strain, no measurable 1-tridecene (the expected corresponding 315 alkene) was observed in the whole culture extracts (Fig. 3C) . None of the observed alkene 316 products were secreted extracellularly (Fig. 3E) . 317
In Chlamydomonas, we attempted to over-produce the Jeotgalicoccus sp. terminal 318 olefin-forming fatty acid decarboxylase (OleTJE) and the Rhodococcus sp. P450 reductase 319 (RhFRED). OleTJE was chosen as it could theoretically produce C17:1 and C15:0 hydrocarbons 320 from the major lipid species of the green algal cell, C18:1 and C16:0, respectively (Fig. 1) . 321
Fusion to RhFRED has been reported to enable hydrogen peroxide-independent 322 decarboxylase activity . The protein products of this decarboxylase and its 323 fusion in either orientation to RhFRED could be detected by Western blotting and located to 324 the algal chloroplast in fluorescence microscopy (Supplementary Figure 5 ). However, no 325 differences in GC-MS profiles between the parental and expression strains could be found in 326 either dodecane solvent overlays or cell-pellet solvent extracts. 327 with the appropriate substrate specificity (Khara et al., 2013) ( Fig. 1) , we first combined TesA 340 with CAR and evaluated its ability to supply the native ADO. A synthetic operon expressing all 341 required parts (including the CAR maturation protein Sfp) was introduced to the RSF1010 342 plasmid backbone ( Fig. 4A ) and used to transform Synechocystis 6803 Daas, thus creating the 343 strain Daas-1010-TPC2. This strain accumulated both fatty acids ( Fig. 4B and 4D ) and fatty 344 alcohols ( Fig. 4C and 4E ). The quantity of heptadecane was reduced in Daas-1010-TPC2 345 relative to Daas-1010-'TesA (Fig. 4F ). This suggests that the introduced CAR-based pathway 346 had not managed to increase the supply of fatty aldehydes to the native ADO. CAR and native experiments is due to increased expression of 'TesA using the RSF1010 plasmid in Daas-1010-350 'TesA ( Fig. 4D) , relative to the amount of 'TesA when expressed from the chromosomal 351 location in Daas-'TesA (Fig. 3C ). Similar observations have also been previously reported by 352
Angermayr et al. (Angermayr et al., 2014) . The different promoters used in the two strains are 353 also likely to have influenced the outcome, however, we are not aware of any studies that 354 directly compare the two promoters head-to-head. 355 Substantial quantities of fatty alcohols did accumulate in the Daas-1010-TPC2 strain, 356
suggesting that the supply of fatty aldehydes is not the limiting factor. One possibility is that 357 the native aldehyde reductases are simply much more active than the native ADO ( 
Engineering of the native eukaryotic algae pathway and transfer to cyanobacteria 371 results in enhanced conversion of CO2 into alkanes 372
A fatty acid photodecarboxylase (FAP) that directly converts saturated and unsaturated FFAs 373 into alkanes and alkenes, respectively, was recently discovered in eukaryotic algae (Sorigué et  374 al., 2017). In Chlamydomonas, the source of free fatty acids for the native alkene pathway 375 remains unknown, although the degradation of membrane lipids may release some FFA 376 (illustrated in Fig. 1 ). However, we would expect increased accumulation of alkanes in algae if 377 we were able to increase the cellular quantity of the native FAP and/or introduce synthetic 378 routes to the FFA precursors. out either with its native chloroplast targeting peptide (CTP) or the robust PsaD CTP which 382 has been previously used to mediate chloroplast localization of numerous reporters 383 (Lauersen et al., 2015; Lauersen et al., 2018; Rasala et al., 2013) . In order to minimize any 384 native regulation of the genomic sequence, the gene was subjected to a strategy of gene design 385 which has recently been shown to enable robust transgene expression from the nuclear 386 genome of this alga . Briefly, the sequence was codon optimized based on 387 its amino acid sequence and multiple copies of the first intron of the C. reinhardtii ribulose-388 1,5-bisphosphate carboxylase/oxygenase (RuBisCo) small subunit 2 (rbcS2i1, 389 NCBI: X04472.1) were spread throughout the coding sequence in silico. This nucleotide 390 sequence was chemically synthesized and used for expression from the algal nuclear genome. production which was detectible in Western blots ( Supplementary Fig. 5B ). Replacing the 397 native CTP with the PsaD CTP enabled more reliable and robust accumulation, which was 398 detectible as YFP signal in the algal chloroplast ( Supplementary Fig. 6 ) and strong bands in 399 transformants expressing this construct in Western blots ( Supplementary Fig. 5B ). The 400 parental UVM4 strain was found to contain ~0.5 mg/g 7-heptadecene as a natural product 401 ( Supplementary Fig. 7 ). Transformants generated with the CrFAP construct (Cr8) were found 402 to contain up to 8x more of this alkene compared to the empty vector (Cr2) control strain (up 403 to 8.5 ± 1.5 mg/g, Fig. 5 ) which was found almost exclusively within the biomass 404 ( Supplementary Fig. 7) . The product was not detected in dodecane solvent overlays. CrFAP 405 accepts a very specific substrate (cis-vaccenic acid, C18:1cis∆11) in vivo (Sorigué et al., 2017) , 406 which corresponds to the accumulation of only 7-heptadecene as the only detected increased 407 product. This substrate is an unusual FA, and is likely not naturally abundant in the algal cell. 408
Notably, any attempts to increase the avaialability of free fatty acids using E. coli 'TesA did not 409 result in any increase in the quantity or diversity of accumulated alkanes. Future enzyme 410 engineering will likely be able to overcome this substrate specificity and increase overall 411 yields of liberated hydrocarbons. However, a strategy which would allow secretion of these 412 molecules, similar to the capture of heterologous terpenoids in dodecane solvent overlay 413 (Lauersen et al., 2016; Lauersen et al., 2018; Wichmann et al., 2018) , would be an attractive 414 next target in order to enable photo-biocatalysis of hydrocarbons from the algal biomass. 415 enhance the FFA pool in cyanobacteria, a synthetic FAP pathway was an obvious choice to 418 consider also for the prokaryotic host. We therefore proceeded to implement a reconstituted 419 variant of the eukaryotic algae pathway in cyanobacteria by combining TesA with FAP. Given 420 the genetic instability challenges with the CAR/ADO system (see Section 3.3) we shifted our 421 constructs to the more tightly repressed Pcoa promoter (Peca et al., 2008) for controlling the 422 expression of E. coli TesA and the Chlorella variabilis FAP from the RSF1010 plasmid (Fig. 6A) . 423
We noted that the yield of FFA was substantially increased when driving the expression of 424
TesA with the Pcoa promoter ( Fig. 6C ) compared to Pclac143 (Fig. 4D) . 425
Despite the dominance of C16:0 fatty acids released by 'TesA in Synechocystics 6803, 426 alongside minor fractions of C14:0 and C18:0, the C17:0 alkanes dominated the hydrocarbon 427 fraction at the lower light intensity (100 µE) ( Fig. 6B and 6D ). This alkane profile in 428
Synechocystis 6803 is very different to that observed in E. coli without over-expression of 429 'TesA (see Fig. S4 in (Sorigué et al., 2017) ). We also observed substantial peaks of 8-430 heptadecene and 6,9-heptadecadiene, as suggested by comparison with a NIST mass 431 spectrometry library, although a lack of standards prohibited confirmation (Supplementary 432 Removal of the predicted chloroplast targeting sequence of FAP ('FAP) resulted in a 439 doubling of the alkane yield, this time accompanied also by C15 pentadecane. As the FAP 440 reaction is light-dependent, we also did a simple evaluation of this environmental factor. 441
When the light intensity was tripled, the total alkane production with the Daas-1010-'TesA-442 'FAP strain increased to a yield of 77.1 mg/g CDW (19-fold enhancement relative to Daas) and 443 a titer of 111.2 mg/L. The product profile also shifted (Fig. 6D ) despite the lack of a similar 444 shift in the remaining FFA fraction (Fig. 6B ), suggesting that the substrate specficity of FAP is 445 flexible and interestingly might change in response to a change in its cellular environment. 446
At 100 µE the introduction of 'FAP resulted in a drop in FFA accumulation of up to 90% 447 (for C18:0), whilst for C16:0 there was only a 60% reduction (Fig. 6C ). Despite repeated 448 trials, the recovery in the measurable fatty acid to alkane conversion remained poor for C16:0 449 in comparison to C18:0 and the other pathways tested in Synechocystis 6803. This may be 450 explained by an impact on 'TesA accumulation in the constructs also carrying the gene coding 451 for 'FAP. Nevertheless, the reconstituted eukaryotic algae alkane pathway was more 452 responsive to introduced modifications in the prokaryotic cyanobacterium than in its native 453 host, though this most likely is explained by challenges associated with the release of FFA in 454 the latter. 455
Although a substantial amount of both alkanes and alkenes were produced by the 456 engineered strains, their performance likely needs to be improved before any application can 457 be considered. Given that no genetically engineered phototrophic microalgae is currently used 458 for commercial purposes (as far as we are aware), and LCA-studies with non-catalytic systems 459 indicate a low predicted energy return on investment (EROI) (Carneiro et al., 2017) , also 460 other challenges with commercial algal biotechnology (e.g. contamination, bioreactor cost, 461 energy consumption, etc) will need to be addressed. 462
CONCLUSIONS 464
The different biosynthetic systems presented in this study varied in terms of cellular context, 465 compartmentation, promoters, operon structures and expression platforms, thus precluding a 466 any direct comparison within and between the two species studied. However, the relative 467 conversion efficiencies and absolute functionalities provide for a valid comparison. As such, it 468 could be seen that the conversion of free fatty acids into alkenes by UndB and alkanes by FAP 469 were effective (>50% conversion, for individual fatty acids up to >90% conversion), and that 470 the native FAP pathway in Chlamydomonas was amenable to manipulation but that the 471 inability to increase the FFA pool hindered further progress. Consequently, for alkanes, the 472 reconstruction of the eukaryotic algae pathway in the prokaryotic cyanobacteria host 473 provided a more productive system than the partially synthetic pathways in either of the 474 prokaryotic (CAR-ADO) or eukaryotic hosts (TesA-FAP). 
